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higher  loading  densities,  allow  use  of  a  cooler,  lower  energy  M31-type  propel¬ 
lant,  while  the  rigid  oase  will  facilitate  automated  handling  and  loading  in 
future  artillery  weapons. 

During  the  course  of  development  of  the  new  charge,  designated  M203E2,  a 
problem  was  experienced  with  high  maximum  ohamber  pressures  when  firing  cold- 
conditioned  charges.  This  report  documents  an  experimental  study  commissioned 
by  the  Office  of  the  Project  Manager,  Cannon  Artillery  Weapons  Systems,  to 
investigate  the  interplay  among  igniter,  propellant,  and  case  during  the  early 
portion  of  the  interior  ballistic  cycle  in  order  to  identify  potential  contrib¬ 
utors  to  and  solutions  for  the  problem.  Of  particular  concern  was  the  possi¬ 
bility  of  propellant  fracture  either  caused  directly  by  the  brisance  of  the 
basepad  igniter  or  resulting  from  charge  motion  and  impact  against  the  projec¬ 
tile  base. 

M203E2  Propelling  Charges  were  provided  by  the  charge  developer,  the 
Large  Caliber  Weapon  Systems  Laboratory  of  the  US  Army  Armament,  Munitions  and 
Chemical  Command,  for  testing  in  the  Ballistic  Research  Laboratory's  155-mm 
howitzer  simulator.  The  charges  were  modified  to  permit  direct  viewing  of  the 
interior  of  the  charge,  conditioned  to  the  desired  temperature,  and  fired  in 
the  simulator  using  transparent  plastic  chambers.  High-speed  cinematography 
was  used  to  record  the  path  of  flamespread  and  early  response  of  the  case, 
while  flash  X-rays,  triggered  at  a  pre-determined  pressure,  were  taken  to 
monitor  the  behavior  of  the  solid  phase.  In  addition,  spindle  pressures  and 
pressures  and  forces  on  the  base  of  the  projectile  wore  recorded.  Testing  of 
cold,  unmodified  charges  indicated  a  preferential  flow  of  igniter  gases  around 
the  outside  of  the  charge,  leading  to  compaction  of  the  charge  and  an 
associated  reduction  in  propellant  bed  permeability  to  igniter  and  perhaps 
subsequent  combustion  gases.  A  further  test  with  the  igniter  charge  packaged 
in  a  cloth  bag  rather  than  the  original  plastic  cup  displayed  the  intended 
mode  of  ignition,  with  igniter  gases  penetrating  and  igniting  the  main  charge 
and  fracturing  the  cartridge  case  from  within. 
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I.  INTRODUCTION 


The  advantages  of  stick  propellants  over  granular  propellants, 
especially  in  high- perf or nance  propelling  charges,  have  long  been  known.  The 
natural  channels  presented  by  bundled  stick  propellants  offer  substantially 
less  resistance  to  the  flow  of  igniter  and  early  combustion  gases,  leading  to 
a  significant  reduction  in  the  potential  for  the  formation  of  axial  pressure 
waves1-*1  and  facilitating  the  use  of  simple  basepad  ignition  systems  even  with 
high-performance  charges.  Moreover,  the  higher  loading  density  made  possible 
by  the  regular  packing  of  the  stick  geometry  allows  the  use  of  a  larger  charge 
weight  of  a  cooler,  lower  energy  propellant  to  achieve  the  same  performance, 
with  possible  benefits  in  terms  of  barrel  wear  and  muzzle  flash  and  blast. 
Alternatively,  the  higher  loading  density  may  be  exploited  for  performance 
growth  potential  with  existing  propellant  formulations.  Several  foreign 
propelling  charges  currently  employ  stick  propellant,  notably  the  Tri-Partite 
(UK,  Germany,  Italy)  charges  for  the  155-mm,  FH70  Howitzer.  Until  recently, 
however,  stick  propellants  have  seen  no  application  in  US  charges,  primarily 
due  to  the  lack  of  a  large-scale  manufacturing  capability.  Efforts  are  now 
underway  to  upgrade  US  propellant  manufacturing  facilities,  and  charges 
employing  stick  propellant  for  current  and  future  howitzers  and  tank  guns  are 
undergoing  development. 

He  have  previously  discussed  the  detailed  phenomenology  of  base-  and 
centercore- ignited,  granular  propelling  charges.  In  particular,  we  addressed 
the  details  of  primer  impingement  on  the  base  of  the  charge,  system-dependent 
igniter  output,  convective  heating  of  propellant  grains  leading  to  flame 
propagation  through  the  charge,  and  interphase  drag  associated  with  the 
tortuous  path  of  flow  through  the  packed  bed,  contributing  to  both  the 
formation  of  axial  pressure  waves  and  the  movement  of  the  solid  phase.  In 
this  report,  we  wish  to  focus  our  attention  on  the  phenomenology  of  the  stick 
propelling  charge,*  shown  generically  in  Figure  1.  Functioning  of  such  a 
charge  involves  initiation  of  the  basepad  by  the  primer  and  subsequent 


1S.  Weiner,  "Investigation  of  Stick  Propellant  for  155-mm  Howitzer,  XM198," 
Interim  Memorandun  Report,  Picatinny  Arsenal,  Dover,  NJ,  July  1975. 

2T.C.  Smith,  "Experimental  Gun  Testing  of  High  Density  Multi perforated  Stick 
Propellant  Charge  Assemblies,"  Proceedings  of  17th  JANNAF  Combustion  Meeting, 
CPIA  Publication  329,  Vol.  II,  pp.  119-124,  November  1980. 

^F.W.  Robbins,  J.A.  Kudzal,  J.A.  McWilliams,  and  P.S.  Gough,  "Experimental 
Determination  of  Stick  Charge  Flow  Resistance,"  Proceedings  of  17th  JANNAF 
Combustion  Meeting,  CPIA  Publication  329,  Vol.  II,  pp.  97-118,  November  1980. 

**T.C.  Minor,  "Mitigation  of  Ignition-Induced,  Two-Phase  Flow  Dynamics  Through 
the  Use  of  Stick  Propellants,"  ARBRL-TR-02508,  Ballistic  Research  Laboratory, 
USA  ARRADCOM,  July  1983  (AD  A1 33685). 

^A.W.  Horst  and  T.C.  Minor,  "Ignition-Induced  Flow  Dynamics  in  Bagged-Charge 
Artillery,"  ARBRL-TR-02257,  Ballistic  Research  Laboratory,  USA  ARRADCOM, 
August  1980  (AD  A090681 ). 
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transfer  of  Ignition  to  the  stick  propellant  itself.  The  igniter  gases  are 
ezpeoted  to  penetrate  easily  into  the  natural  ohannels  in  the  bundle  of 
stioks,  with  flamespread  proceeding  rapidly  down  the  charge  in  a  one- 
din  enslonal  fashion.  Moreover,  the  nininal  resistance  to  axial  flow  and  the 
accoapanying  near  uniforalty  of  pressurization  over  the  length  of  the  charge 
greatly  diminish  the  likelihood  of  substantial  charge  notion  or  the  formation 
of  severe  pressure  waves. 

A  closer  exanination,  however,  reveals  that  this  simplified  analysis  does 
not  account  for  several  details  that  may  greatly  impact  the  overall  interior 
ballistic  process.  The  output  of  a  brisant  basepad  igniter  oould  fracture  the 
ends  of  the  propellant  sticks,  particularly  if  cold-conditioned,  creating 
unprogrammed  burning  surface  which  may  lead  to  locally  high  pressures.  Should 
the  ohannels  between  the  sticks  collapse  or  become  obstructed  in  the  process, 
the  possibility  of  pressure  waves  arises.  Rapid  internal  pressurization  of 
the  long  perforation  in  the  stick,  perhaps  even  in  the  presence  of  a  slot  if 
not  substantially  opened,  may  lead  to  splitting  or  fracture  of  the  sticks ,6*7 
again  creating  unintended  burning  surface  with  attendant  problems.  The 
sequence  of  flamepread  into  a  stick  charge  is  not  well  characterized;  it  is 
not  known  when  flame  penetrates  the  long  perforation,  nor  is  it  even  known 
exactly  how  the  flame  propagates  alone  the  external  surfaces  of  the  sticks. 
There  exists  some  photographlo  evidence®  that  the  oharge  ignites  essentially 
uniformly  over  its  entire  length  after  being  sufficiently  bathed  in  hot 
igniter  gases  which  have  flowed  unimpeded  through  and  around  the  bundle  of 
sticks.  Unfortunately,  this  picture  is  further  complicated  when  the  charge  is 
packaged  in  a  combustible  case.  While  a  rigid,  combustible  case  offers 
obvious  advantages  for  automated  handling  and  loading,  its  initial 
impermeability,  mechanical  strength,  and  ignition  and  oombustion 
characteristics  may  play  major  roles  in  characterizing  the  above  sequence  of 
events. 

One  such  charge  is  the  155-mm,  M203E2  Propelling  Charge,  currently 
undergoing  development  by  the  Large  Caliber  Weapon  Systems  Laboratory  (LCWSL), 
Armament  Research  and  Development  Center  (ARDC),  OS  Army  Armament,  Munitions 
and  Chemical  Command  (OSA  AMCCOM)  for  the  155-mm,  M198  Howitzer.  The  M203E2 
Charge,  one  version  of  which  is  shown  in  Figure  2,  employs  M31A1E1  stick 
propellant  packaged  in  a  rigid,  combustible  cartridge  case,  while  the  current 
M203  Propelling  Charge,  a  oenteroore- ignited,  granular-propellant  charge,  uses 
the  somewhat  hotter  M30A1  propellant  formulation,  and  is  loaded  in  a 
cloth  bag.  Two  designs  are  currently  under  consideration  for  the  M203E2 


°F.W.  Robbins  and  A.W.  Horst,  "A  Simple  Theoretical  Analysis  and  Experimental 
Investigation  of  Burning  Processes  for  Stick  Propellants,”  ARBRL-MR-03295 , 
Ballistic  Research  Laboratory,  OSA  ARRADCOM,  June  1983  (AD  A1 32968). 

7P.W.  Robbins  and  A.W.  Horst,  "Continued  Study  of  Stick  Propellant  Combustion 
Processes,”  ARBRL-MR-03296,  Ballistic  Research  Laboratory,  OSA  ARRADCOM,  June 
1983  (AD  A1 33004). 

a 

T.C.  Minor,  "Experimental  Studies  of  Multidimensional  Two-Phase  Flow 
Processes  in  Interior  Balllstlos,”  ARBRL-MR-03248,  Ballistic  Research 
Laboratory,  OSA  ARRADCOM,  April  1983  (AD  A128034). 
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cartridge  case:  the  spiral  wrapped  version  shown  In  the  figure  and  a  molded 
version  used  in  all  tests  discussed  in  this  report.  The  Igniter  assembly,  at 
the  beginning  of  this  study,  consisted  of  15  g  of  Class  3  black  powder  in  a 
small  bag  and  85  g  of  loose  Clean  Burning  Igniter  (CBI),  with  both  powders 
sealed  in  a  plastic  (cellulose  nitrate)  cup  and  plaoed  between  a  singly 
perforated  base  cap  (shown),  to  allow  primer  gas  impingement  on  igniter 
material,  and  a  multiply  perforated  cup  (not  shown),  to  facilitate  early 
venting  into  the  main  stick-propellant  charge. 

Once  in  production,  propellant  for  the  M203E2  Charge  will  be  manufactured 
at  the  Radford  Army  Ammunition  Plant  (RAAP),  but  much  of  the  early  develop¬ 
mental  propellant  was  produced  by  ARDC  in  order  to  expedite  pilot  production 
of  the  various  design  iterations.  During  June  of  1982,  test  firings  of  the 
M203E2  Charge,  using  propellant  manufactured  at  ARDC,  yielded  higher  maximum 
chamber  pressures  at  oold  temperatures  than  at  ambient  or  hot  temperatures.  9 
For  example,  a  charge  with  an  assessed  ambient  pressure  of  351  MPa  resulted  in 
pressures  of  397  MPa  at  -54°C  and  337  MPa  at  63°C.  In  an  attempt  to  determine 
the  source  of  this  inverse  temperature  sensitivity,  additional  charges  were 
fired  at  LCWSL  with  split  oases  and  with  a  cloth-bound  basepad  replacing  the 
plastic  cup  igniter;  little  effect  was  seen  with  the  split  case  alone,  but  the 
combination  of  changes  yielded  about  a  50-MPa  drop  in  the  still  unacceptably 
high  peak  pressure  for  the  cold-oondltioned  round.  This  report  documents  an 
experimental  study  conducted  at  the  Ballistic  Research  Laboratory  (BRL), 
commissioned  by  the  Office  of  the  Project  Manager,  Cannon  Artillery  Weapons 
Systems  (PM/CAWSX  in  full  cooperation  with  LCWSL,  to  investigate  the  interplay 
among  igniter,  propellant,  and  oase  during  the  early  portion  of  the  interior 
ballistic  cycle  in  order  to  identify  potential  contributors  to  and  solutions 
for  this  undesirable  behavior. 


II.  EXPERIMENTAL 

A.  Apparatus 

The  apparatus  used  at  BRL  to  conduct  a  variety  of  studies  of  the  detailed 
phenomenology  of  propelling  charges  is  shown  in  Figure  3*  The  massive  mount, 
constructed  of  armor  plate,  accepts  either  plastic  chambers  or  axially  rein- 
forc'  ' ,  filament-wound  fiberglass  chambers  (not  shown).  The  plastio  chambers 
were  commercially  available  cast  acrylic  tubing  with  inner  and  outer  diameters 
of  165  mm  and  191  mm,  respectively.  Although  the  clear  plastic  fractures  at 
significantly  lower  pressures  than  the  fiberglass  chambers,  they  offer  a  much 
better  view  of  the  events  transpiring  within,  and  thus  were  used  for  this 
study.  The  pressure  limit  for  these  tubes  has  been  found  to  be  variable  from 
sample  to  sample,  and  is  pressure-rise-rate  dependent.  The  muzzle  end  of  the 
chamber  was  closed  by  a  projectile  seated  in  a  section  of  gun  tube  machined  to 
the  dimensions  of  the  M199  cannon.  The  breech  end  of  the  chamber  was  closed 
by  a  spindle  similar  to  the  mushroom  configuration  of  the  Ml 85  Cannon  with  the 
centrally  venting  primer  spithole.  The  spindle  accepted  three  piezoelectric 
pressure  transducers;  and  an  instrumented  projectile  baseplate  (Figure  4), 


90.  Colitti  and  R.S.  Weatley,  Large  Caliber  Weapon  Systems  Laboratory,  USA 
AMCCOM,  Dover,  NJ,  unpublished  data,  private  communication,  July  1982. 
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similar  to  that  employed  earlier  by  the  Naval  Surface  Weapons  Center, 
Dahlgren, 10  permitted  two  gas  pressure,  three  total  force,  and  two 
acceleration  measurements  at  the  projectile  base.  To  further  monitor  the 
impact  of  the  charge  on  the  projeotile  base  for  some  of  the  shots,  the  base¬ 
plate  was  covered  with  a  lead  witness  plate,  shown  in  Figure  5. 

Photographic  data  were  recorded  with  two  or  three  high-speed  16-mm 
cameras.  For  each  shot,  one  camera  was  mounted  with  a  wide  angle  lens  to 
record  the  overall  aspeots  of  the  event;  and  another  used  a  telephoto  lens  to 
allow  detailed  examination  of  the  critical  base  region  of  the  charge.  For 
some  of  the  shots,  an  additional  camera  was  employed  to  view  the  overall  event 
from  a  direction  orthogonal  to  that  of  the  first  camera.  With  all  of  the 
cameras,  data  were  recorded  at  a  framing  rate  of  approximately  5000  pictures 
per  second.  One-kHz  timing  signals  were  placed  on  the  films  by  electronic 
circuits  Internal  to  the  cameras,  and  the  firing  fiducial  (time  at  which  the 
firing  voltage  is  applied  to  the  gun)  was  also  placed  on  the  films  to  aid  in 
correlation  of  the  film  data  with  other  data. 

Flash  radiography  was  used  to  monitor  the  behavior  of  the  solid  phase 
during  the  interior  ballistic  oycle.  Two  300-kV  X-ray  heads  were  employed, 
aligned  perpendicular  to  the  chamber  axis  and  sufficiently  separated  from  each 
other  to  allow  coverage  of  the  entire  chamber  length.  One  image  (a  "static" 
shot)  was  taken  of  the  charge  in  the  chamber  before  firing;  and  a  second,  on  a 
separate  film,  was  recorded  during  the  event  by  X-rays  triggered  at  a  pre¬ 
determined  spindle  pressure  (a  "dynamic"  shot).  The  X-ray  film  was  protected 
from  the  blast  of  the  disposable  chamber  by  a  wooden  cassette,  with  the 
forward  face  composed  of  layers  of  air  spaces  and  sacrificial  wooden  plates. 

Figure  6  depicts  the  system  for  experiment  control,  data  acquisition,  and 
data  reduction.  The  Ballistic  Data  Acquisition  System  (BALDAS)  performed 
these  tasks,  driven  by  a  PDP  11/45  minicomputer.  By  starting  a  programmed 
sequence  timer,  BALDAS  controlled  the  firing  of  the  high-speed  camera  and 
enabled  an  X-ray  trigger  circuit.  At  the  appropriate  time,  BALDAS  exercised 
an  in-line,  five-step  calibration  for  each  channel,  then  fired  the  cannon  and 
acquired  and  digitized  the  data  through  a  16-channel,  10-bit,  24-K  word, 
analog-to-digltal  converter.  At  the  same  time,  a  backup  analog  record  was 
made  on  a  14-channel  FM  magnetic  tape  recorder.  BALDAS-resident  digital 
counters  recorded  the  time  of  the  firing  fiducial  and  other  events,  such  as 
the  X-ray  trigger  pulse.  After  the  data  were  acquired,  BALDAS  calibrated  the 
data  via  a  second-order,  least-squares  fit  to  the  calibration  staircase  and 
then  reduced  the  data,  through  suitably  Introduced  gage  constants. 

B.  Changa  Design 

Charges  from  two  lots  of  155-mm,  M203E2  Propelling  Charges,  both 
employing  ARDC-manufaotured  M31A1E1  propellant,  were  provided  by  the  LCWSL  for 
testing.  One  charge  lot  contained  two  stacked  bundles  of  370-mm-long  slotted 
sticks  from  propellant  Lot  HDD  El  53,  and  the  other  charge  lot  contained  a 
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Figure  5. 


Instrumented  Projectile  Baseplate  Vith  Witness  Plate 


Figure  6.  System  for  Experiment  Control,  Data  Acquisition,  and  Data  Reduction 


single  bundle  of  737-mm-long  slotted  sticks  from  propellant  Lot  HDD  B146.  The 
charges  were  encased  in  molded  nitrocellulose  oases, , as  opposed  to  the  spiral 
wrapped  cases  illustrated  in  Figure  2.  The  propellant  weight  for  each  lot  was 
12.9  kg.  To  facilitate  viewing  the  interior  of  the  charge  during  the  firing 
event,  the  combustible  case  was  perforated  with  windows  measuring  either  51  mm 
by  76  mm  or  51  mm  by  51  mm  along  the  length  of  the  case.  The  windows  were 
covered  on  the  inside  of  the  case  with  a  sheet  of  plastic  0.38  mm  thick,  102 
mm  wide,  and  635  mm  long.  These  were  the  dimensions  deemed  neoessary  to 
support  case  pressurization  while  covering  a  minimum  amount  of  the  interior  of 
the  case  surface.  The  sheet  was  glued  to  the  interior  of  the  case  with 
contact  cement.  Upon  re-assembly,  the  charges  were  restored  as  nearly  as 
possible  to  their  as-received  condition. 

Figure  7  illustrates  the  two  charges  fired  with  propellant  Lot  RDD  El  53. 
The  top  view  shows  the  broken-down  charge,  Including  the  two  bundles  of 
propellant  (one  tied},  the  lead  foil  on  the  forward  bundle,  the  CN-cup  igniter 
assembly,  the  base  cap  (with  the  perforated  nitrocellulose  cup  under  it),  and 
the  windowed  case.  The  propellant  sticks  were  ooded  by  several  means  to 
permit  later  identification  of  their  looatlon  in  the  charge.  The  bottom  view 
shows  the  assembled  charge.  Note  that  the  forward  large  window  was  positioned 
to  show  the  interface  of  the  two  stick  bundles. 

Figure  8  illustrates  the  first  charge  fired  with  propellant  Lot  RDD  El  46 
(Round  3).  The  top  view  again  shows  the  broken-down  oharge,  with  the  single 
bundle  of  full-length  sticks,  the  as-received  CN-cup  igniter,  the  singly 
perforated  base  cap,  and  the  multiply  perforated  nitrocellulose  cup.  Note 
that  as  received,  the  propellant  bundle  had  neither  tie  strings  nor  a  lead 
sheath,  this  probably  due  to  variations  in  R&D  charge  candidates.  The  windows 
were  placed  in  the  same  positions  as  for  the  charge  made  with  Lot  RDD  El 53. 
Again,  the  ends  of  the  stick  grains  were  coded  to  allow  a  correlation  of  the 
effects  of  the  Interior  ballistic  cycle  with  their  location  in  the  oharge. 
Here  too,  the  bottom  view  displays  the  assembled  charge. 

Figure  9  shows  the  second  oharge  fired  with  propellant  Lot  RDD  E146 
(Round  4).  For  this  shot,  the  CN-oup  igniter  was  replaced  with  a  cloth 
basepad  containing  71  g  of  the  CB1  used  in  the  other  charges,  along  with  14  g 
of  Class  3  black  powder.  All  other  aspects  of  the  oharge  remained  as  shown  in 
Figure  8. 

c.  Firing  Raaulta 

The  charges  were  conditioned  at  the  required  temperatures  for  at  least  24 
hours  prior  to  firing.  With  one  exception  (noted  below),  approximately  15-17 
minutes  elapsed  between  the  time  each  of  the  charges  was  taken  from  the 
conditioning  box  and  fired,  and  during  essentially  all  of  this  period  the 
charge  was  in  the  plastic  chamber.  The  charges  were  positioned  with  a  nominal 
standoff  of  25  mm  and  initiated  with  M82  primers.  Using  pieces  of  the 
combustible  oase  material,  the  charges  were  wedged  against  the  side  of  the 
chamber  nearest  the  camera  to  minimize  obscuration  of  the  windows  by  smoke. 
The  size  and  positioning  of  these  pieoes  of  combustible  oase  were  deemed  not 
to  influence  appreciably  the  flow  in  the  ullage.  After  loading,  there  was  an 
axial  distanoe  of  approximately  50  mm  between  the  forward  end  of  the  oharge 
and  the  base  of  the  projeotile.  For  each  shot,  a  flash  X-ray  was  reoorded 
when  the  spindle  pressure  reaohed  7  MPa. 


Figure  7.  Modified  155-mm,  M203E2  Figure  8.  Modified  155-mm,  M203E2 
Propelling  Charge,  Propelling  Charge, 

Propellant  Lot  HDD  E153,  Propellant  Lot  RDD  E146, 

CN-Cup  Igniter,  Rounds  1  CN-Cup  Igniter,  Round  3 

and  2 


Figure  9.  Modified  155-mm,  M203E2 
Propelling  Charge, 
Propellant  Lot  RDD  El 46, 
Cloth- Bag  Igniter,  Round  4 


Lot  BDD  E153.  Bound  J..  Figure  10  depicts  the  spindle  pressure  and 
pressure  and  force  on  the  base  of  the  projectile  for  Bound  1  of  propellant  Lot 
BDD  El 53.  The  tines  are  referenced  to  the  instant  at  whioh  the  firing  voltage 
was  applied  to  the  gun.  The  Ignition  delay,  on  the  order  of  100  ns,  was 
longer  than  the  average  obtained  with  this  charge  in  developnent  testing;  but 
it  is  within  the  bounds  of  those  observed  previously.  During  the  long 
ignition  delay,  the  charge  was  pushed  forward  to  touch  the  base  of  the 
projectile1  (described  below),  although  the  gages  showed  no  responses  above 
those  indicated  at  the  91  ns  tine  on  the  plot  of  Figure  10  (for  exanple,  no 
spindle  pressure  in  excess  of  0.1  MPa).  Sinoe  a  pressure  of  1  MPa  is  equiva¬ 
lent  to  a  force  of  745  N  for  these  force  gages,  we  note  that  the  pressure 
measured  by  the  projectile  base  pressure  gage  is'  in  excess  of  that  neasured  by 
the  projectile  base  force  gage  at  tines;  and  indeed,  the  response  of  the 
projectile  base  pressure  gage  nay  be  an  artifact  given  that  the  gage  was 
covered  by  the  front  of  the  charge  by  this  tine.  However,  this  response  nay 
be  a  result  of  conpression  of  gases  between  the  charge  and  gage  face. 
(Perhaps  a  nore  clear  indication  of  this  occurrence  is  given  later  in  the 
discussion  of  the  results  obtained  with  Lot  BDD  El  46,  Round  3>)  He  note  that 
although  the  force  gage  provided  very  little  response  prior  to  91  ns,  during 
the  tine  that  the  charge  contacted  the  projectile,  it  nevertheless  provided  a 
later  reoord  of  force  on  the  base  of  the  projectile,  presunably  as  a  result  of 
pressurization  of  the  rear  portion  of  the  chamber  and  a  force  applied  to  the 
base  of  the  charge.  The  chamber  failed  at  approximately  13  MPa. 


Figure  10.  Pressures  and  Force  for  Round  1,  Propellant  Lot  RDD  E153, 
CN-Cup  Igniter,  -54  °C 
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Tbs  forward  face  of  tha  combustible  case  survived  intact.  It  showed  very 
clear  imprints  of  the  details  of  the  witness  plate  attaohed  to  the  projeotile 
base  on  one  side  and  slight  imprints  of  stlok  propellant  ends  on  the  other. 
The  witness  plate  itself  was  unmarked. 

The  high-speed  films  reoorded  many  details  of  the  charge  functioning.  At 
1.6  ms  after  application  of  the  firing  voltage,  a  plume  of  flame  with  a  full 
angle  of  about  75  degrees  was  seen,  of  duration  of  less  than  0.2  ms.  From  22 
ms  to  3.0  ms,  flame  was  visible  again  in  the  base  region,  attaohed  to  the  base 
of  the  charge.  This  luminosity  disappeared  and  then  reappeared,  again 
attaohed  to  the  oharge  base,  from  3*7  ms  to  6.6  ms.  There  was  yet  another 
flame,  attaohed  to  the  charge  base,  beginning  dimly  at  9.4  ms,  increasing  in 
luminosity  until  10.5  ms,  and  then  decreasing  steadily  until  it  disappeared  at 
about  15.2  ms.  During  these  periods,  flame  was  observed  nowhere  in  the 
chamber  with  the  exoeption  of  the  region  between  the  spindle  and  oharge  base. 
At  11.5  ms,  the  oharge  began  to  move  and  was  propelled  forward  to  impact  the 
projectile  base  at  approximately  49.8  ms.  The  velocities  as  determined  from 
closely  spaoed  times  varied  but  were  within  a  range  of  1-2  m/s.  No 
luminosity  was  seen  in  the  ohamber  again  until  98.9  ms,  though  several  small 
patches  of  smoke  drifted  down  the  ohamber  from  63  ms  to  94  ms.  At  98.9  ms, 
flame  was  again  visible  in  the  ullage  near  the  base  region  of  the  oharge;  and 
this  increased  in  intensity  and  extended  into  the  radial  ullage  at  the  bottom 
of  the  chamber  beginning  at  107  ms.  Until  this  time,  no  flame  was  seen  inside 
the  charge  through  the  windows,  though  the  windows  remained  unobstructed  from 
smoke  on  the  outside  of  the  oharge.  At  111.2  ms,  flame  appeared  in  the  third 
window  from  the  rear  of  the  charge;  at  112.8  ms,  at  the  fourth  window;  and  at 
114.9  ms,  at  the  fifth  window.  Flame  began  to  fill  the  radial  ullage 
beginning  at  about  113*0  ms.  The  chamber  fractured  at  approximately  123  ms. 

Figure  11  is  a  photograph  of  the  static  X-ray  recorded  before  the  shot. 
Several  details  are  of  Interest.  Easily  seen  are  the  spindle  at  the  left  and 
the  axial  ullage  between  the  spindle  and  charge  base.  The  oombustible  ease 
body,  the  coupling  ring  between  the  body  and  base  cap,  the  cup,  and  the 
plastic  igniter  assembly  with  the  CBI  and  spot  of  black  powder  are  all  easily 
identifiable.  Note  the  ullage  within  the  case  between  the  propellant  stloks 
and  the  case  sidewall  and  the  annulus  inside  the  base  oap.  The  second  portion 
of  Figure  1 1  shows  the  statlo  X-ray  taken  of  the  forward  part  of  the  charge. 
Easily  discernible  here  are  the  projectile  base  at  the  right,  the  ullage 
between  the  oharge  and  projeotile,  the  combustible  case,  the  propellant  within 
the  case,  and  the  axial  ullage  between  the  forward  end  of  the  propellant  bed 
and  the  front  of  the  case. 

Figure  12  is  a  dynamic  X-ray  taken  at  a  spindle  pressure  of  7*2  MPa.  The 
base  cap  and  plastic  oup  with  Igniter  powder  were  consumed;  but  the 
combustible,  perforated  oup  remained.  The  case  and  propellant  bed  were 
noticeably  oompaoted  radially,  especially  in  the  area  of  the  coupling  ring 
between  the  case  body  and  base  cap  and  the  area  of  annular  ullage  inside  the 
base  cap.  The  outside  of  the  case  at  the  coupling  ring  was  compacted  from  a 
diameter  of  159  mm  to  150  mm.  The  propellant  bed  itself  suffered  some 
compaction,  from  a  diameter  of  144  to  140  mm.  It  appeared  that  the  oase  wall 
buckled  out  into  the  top  radial  ullage,  beginning  at  56  mm  from  the  base  of 
the  charge,  and  approaohing  the  ohamber  sidewall  at  120  mm  from  the  base. 
Turning  to  the  X-ray  recorded  of  the  front  of  the  oharge,  we  note  that  the 
charge  impaoted  the  projeotile  base,  that  the  front  of  the  case  was  buckled  to 


Projectile 
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Figure  12.  Plash  X-ray  for  Round  1,  Propellant  Lot  HDD  El 53,  CH-Cup  Igniter,  -54  °C,  Spindle  Pressure  7.3  MPa 


give  a  alight  lip,  and  that  the  ullage  between  the  forward  end  of  the  propel¬ 
lant  bed  and  the  case  disappeared.  The  forward  end  of  the  case  suffered  some 
radial  compaction  as  well,  with  the  diameter  reduced  from  the  original  150  mm 
to  146  mm.  The  propellant  bed  Itself  expanded  radially  at  the  forward  end, 
from  an  original  diameter  of  141  mm  to  a  diameter  of  143 

It  is  noteworthy  that  there  was  no  evidence  in  the  data  gathered  that 
gross  fracture  of  the  propellant  took  plaoe  in  the  early  portion  of  the 
interior  ballistic  cycle.  The  high-speed  films  recorded  no  such  fracture, 
viewed  through  the  windows,  even  in  the  base  region  of  the  charge;  and  the 
lack  of  fracture  on  a  noticeable  soale  is  obvious  from  the  dynamic  X-rays. 
Representative  grains  gathered  from  the  site  after  the  test  are  shown  in 
Figure  13.  The  overwhelming  majority  of  the  propellant  grains  were  split 
axially  opposite  the  location  of  the  slot.  A  closer  examination  of  many  of 
the  pieces  at  a  magnification  of  fifty  revealed  no  miorosoopic  o racks  in  the 
grains.  Since  the  breaks  were  not  charred,  one  ’ might  assume  that  the  grains 
broke  as  a  result  of  the  sudden  depressurization  at  chamber  failure  ooupled 
with  the  internal  pressurization  of  the  propellant  perforations.  However,  the 
other  surfaces  of  the  grains  that  must  have  burned  to  pressurise  the  ohamber 
to  the  extent  measured  also  showed  no  real  evidenoe  of  charring.  Thus  we 
cannot  conclude  whether  the  grains  fractured  within  the  chamber  after  the  X- 
ray  was  taken  but  before  the  ohamber  failed.  Grain  fragments  of  a  variety  of 
lengths,  including  some  whole  ones,  were  found;  and  the  ends  of  the  grains 
from  the  base  of  the  charge  were  not  noticeably  different  from  the  rads  that 
were  located  either  in  the  middle  or  at  the  front  of  the  oharge. 

The  remaining  webs  of  several  propellant  grains  recovered  after  the 
firing  were  measured  in  an  attempt  to  determine  the  burning  characteristics  of 
the  propellant.  The  differences  in  remaining  webs  were  at  most  0.1  mm  out  of 
remaining  thicknesses  of  2.2  am  to  2.3  am,  without  any  obvious  pattern  of 
differential  burning  along  the  length  of  the  grain.  No  real  comparison  can  be 
made  with  the  nominal  initial  web  of  2.3  mm  since  it  could  not  be  measured 
accurately  due  to  the  pliability  and  ovality  of  the  original  propellant. 

Lot  ROD  £1SL3*  Round  2.  The  oiroumstanoes  surrounding  this  firing  were 
identical  to  those  of  Round  1  except  that  the  charge  was  conditioned  to  63  °C. 
The  spindle  pressure  is  shown  in  Figure  14.  The  records  for  the  pressure  and 
force  on  the  base  of  the  projectile  were  not  suitable  for  reduction;  however, 
the  force  measurement  perhaps  indicated  an  impact  of  the  charge  on  the 
projectile  base  at  about  22  ms.  The  chamber  fractured  at  approximately  6.1 
MPa.  Slnoe  the  flash  X-ray  was  set  to  trigger  at  a  spindle  pressure  of 
approximately  7  MPa,  dynamic  radiographic  data  were  not  recorded  for  this 
event.  The  static  X-ray  revealed  details  similar  to  those  recorded  in  Figure 
11. 


The  high-speed  film  recorded  substantially  different  behavior  for  this 
shot  than  the  previous  one,  particularly  on  the  part  of  the  rear  of  the  case. 
The  primer  vented  on  the  base  of  the  oharge  at  1.5  ms;  and  the  basepad  began 
to  burn,  with  the  luminosity  Increasing  in  the  region  of  the  base  without 
penetrating  either  the  propellant  bed  or  the  radial  ullage  surrounding  the 
charge.  At  2.5  ms,  the  rear,  single-perforated  endoap  began  to  balloon  out 
into  the  rear  axial  ullage,  with  the  flame  visible  within  the  endoap.  The 
balloon  continued  to  grow,  without  rupturing,  until  8.6  ms,  when  it  had 


expanded  Into  the  rear  ullage  by  about  50  am  on  the  charge  axis.  During  the 
period  froa  1.5  as  to  8.6  as,  the  luainosity  of  the  flaae  increased,  then 
dlainished  to  alaost  nothing,  with  no  flaae  visible  within  the  oharge  or 
radial  ullage.  At  10.6  as,  luainosity  again  becaae  visible  in  the  rear 
ullage}  and  the  endoap  had  ruptured  along  its  ria  at  the  top  of  the  oharge, 
foraing  a  flap  of  coabustible  case.  As  the  oharge  burned  in  the  rear,  with  an 
expulsion  of  turbulent  flaae  into  the  rear  ullage,  this  flap  further  separated 
froa  the  case,  pivoting  on  the  point  of  attachaent  at  the  bottoa  of  the 
charge.  At  15 A  as,  the  luainosity  in  the  base  region  had  again  decreased  so 
that  it  was  alaost  invisible.  Flaae  again  appeared  at  the  rear  at  21.2  as; 
and  by  23.1  as,  it  had  grown  sore  intense  and  began  to  spread  into  the  radial 
ullage  along  the  side  of  the  oharge.  Soae  faint  luainosity  was  seen  in  the 
rear  window  at  24.2  as  and  in  the  second  window  at  25  as,  both  becoaing 
brighter  by  27.7  as,  with  no  flaae  in  any  of  the  forward  windows.  By  28.3  as, 


there  was  flaae  all  along  the  top  ullage;  and  there  was  faint  luainosity 
visible  in  all  the  windows.  The  luainosity  in  all  the  windows  had  beooae 
bright  by  29.6  as.  At  30.4  as,  there  was  bright  flaae  at  the  front  and  rear 
of  the  chaaber  and  throughout  the  unruptured  oharge. 

Representative  propellant  sticks  gathered  froa  the  firing  site  after  the 
test  are  shown  in  Figure  15.  Of  the  stloks  recovered,  practically  none  showed 
any  daaage  whatsoever.  It  should  be  noted,  however,  that  very  few  sticks  were 
recovered  froa  the  base  region  of  the  charge.  When  the  chaaber  fractured  at 
this  low  pressure,  sticks  froa  the  base  region  were  thrown  aa  aaaaa  only  a 
short  dlstanoe  froa  the  apparatus  and  could  not  be  extinguished.  The 
recovered  sticks  were  very  pliable  and  alaost  could  be  tied  into  knots. 


TIME  (MS) 

Figure  14.  Spindle  Pressure  for  Round  2,  Propellant  Lot  HDD  El  53 
CN-Cup  Igniter,  63  °C 


Lot  HDD  8146.  Round  3,  The  spindle  pressure  end  pressure  and  force  at 
the  base  of  the  projeotile  for  Round  3*  the  first  shot  using  propellant  Lot 
RDD  El 46,  are  given  in  Figure  16.  This  charge  used  the  Ignition  system  as 
received,  with  the  CN-cup  igniter,  and  was  conditioned  to  -54  °C  prior  to 
firing.  The  tines  on  the  plot  again  are  referenced  to  the  instant  at  which 
the  firing  voltage  was  applied  to  the  gun.  The  chamber  fractured  at 
approximately  15  MPa.  The  different  slopes  of  the  spindle  pressure  ourve  from 
14-25  ms  and  25-28  as  may  be  indicative  of  the  burning  of  primarily  the 
basepad  followed  by  oonbustion  of  the  propellant.  Such  a  scenario  is 
supported  by  the  film  record  of  the  event,  described  below.  The  peaks  in 
pressure  and  force  measured  at  the  projectile  base  at  approximately  18  ms 
coincide  with  the  impact  of  the  charge  on  the  projectile.  That  the  recessed 
pressure  gage  record  displays  a  spike  in  response  to  the  oharge  impact  is 
difficult  to  explain.  It  may  be  a  consequence  of  gas  trapped  and  then 
compressed  in  the  ports  between  the  baseplate  surface  and  the  gage.  The 
second  pressure  and  force  gages  mounted  at  this  location  showed  the  same 
behavior  (not  shown).  As  indicated  by  the  osoillations,  one  could  speculate 
that  the  charge  was  twice  pressed  against  the  projectile  and  relaxed  away  from 
it,  perhaps  due  to  an  ignition-driven  pressure  wave,  before  being  driven 
against  the  projectile  by  the  eventual  pressurization  of  the  chamber. 


Figure  16.  Pressures  and  Foroe  for  Round  3,  Propellant  Lot  RDD  El 46, 
CN-Cup  Igniter,  -54  °C 
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The  film  from  the  high-speed  camera  focussed  on  the  rear  of  the  charge 
did  not  yield  data  suitable  for  reduction,  but  the  camera  recording  the 
overall  view  provided  the  required  data.  A  cone-shaped  plume  from  the 
spithole,  of  less  than  0.2  ms  duration,  was  seen  at  1.0  ms.  Flame  of  varying 
intensity  filled  the  ullage  between  the  spindle  and  the  charge  starting  at  1.2 
ms.  Between  1.9  ms  and  2.3  ms,  there  was  apparent  discharge  from  the  base  of 
the  charge  in  addition  to  the  more  general  luminosity  in  this  ullage.  The 
first  perceptible  motion  of  the  charge  began  at  3.6  ms;  and  the  charge 
accelerated,  though  not  uniformly,  until  it  impacted  the  projectile  base  at  18 
ms  with  a  velocity  on  the  order  of  8  m/s.  Beginning  at  4.4  ms,  there  was 
noticeable  flame  from  the  basepad,  and  the  combustion  increased  until  the 
entire  rear  ullage  was  full  of  intense  flame  by  14.8  ms.  Considerable  smoke 
covered  the  rear  half  of  the  charge  by  20.1  ms,  so  much  so  that  the  rear  three 
windows  were  obscured  by  it.  At  22.2  ms,  several  spots  of  flame  had  moved 
into  the  radial  ullage  on  the  side  of  the  ohamber;  and  by  26.5  ms,  there  was 
flame  in  the  bottom  and  side  radial  ullage  from  the  spindle  to  the  projectile 
base.  With  some  dark  spots  present,  this  flame  along  the  length  of  the 
chamber  continued  to  intensify  until  the  chamber  failed  at  27.9  ms.  At  no 
time  was  any  flame  seen  through  any  of  the  windows  in  the  side  of  the  charge, 
nor  was  there  any  flame  in  what  began  as  the  top  annular  ullage. 

Figure  17  shows  the  static  flash  X-ray  of  Round  3  taken  before  the 
firing.  The  details  in  the  chamber  and  charge  assembly  are  essentially  as 
described  in  the  static  shot  for  Round  1,  the  difference  being  that  this 
charge  had  one  tier  of  propellant  rather  than  the  two  tiers  in  the  charge  made 
with  Lot  RDD  El 53.  Figure  18  displays  the  dynamic  flash  X-ray,  recorded  at 
26.4  ms  when  the  spindle  pressure  was  7.3  MPa.  As  with  the  dynamic  radiograph 
from  Round  1,  we  note  that  the  charge  was  noticeably  compacted  radially;  and 
indeed,  in  this  firing,  it  was  lifted  off  the  bottom  of  the  ohamber  and 
compressed  against  the  top  of  the  chamber  for  most  of  its  length.  There  was 
some  ullage  remaining  between  the  front  of  the  charge  and  the  top  chamber 
wall,  but  the  charge  was  pushed  against  the  projectile  base;  the  3.5-mm  ullage 
between  the  forward  end  of  the  propellant  bed  and  the  front  of  the  case  was 
collapsed;  and  propellant  sticks  were  splayed  outward,  away  from  the  axis  of 
the  charge.  The  outside  diameter  of  the  case  at  the  rear  was  reduced  from  159 
mm  to  144  mm,  and  the  diameter  of  the  propellant  bed  in  the  same  region  was 
reduced  from  141  mm  to  133  mm. 

The  projectile-base  witness  plate  melted,  providing  no  useful  data. 

From  the  limited  view  afforded  by  the  high-speed  movies  in  this  shot,  and 
from  the  dynamic  flash  X-rays,  there  again  was  no  evidence  of  gross  grain 
fracture  during  the  portion  of  the  interior  ballistic  cycle  examined  in  this 
apparatus.  Propellant  grains  gathered  after  this  firing,  shown  in  Figure  19, 
displayed  the  same  characteristics  as  those  retrieved  after  the  previous  cold- 
conditioned  firing,  Round  1.  For  the  most  part,  they  were  fractured  axially, 
opposite  the  location  of  the  slot.  The  breaks  were  not  charred,  again 
offering  the  possibility  but  not  the  proof  that  the  fracture  may  have  been  an 
artifact  of  the  sudden  depressurization  at  chamber  failure.  Microscopic 
examination  again  showed  no  fine  cracks.  Longer  pieces  were  of  course  found 
after  this  firing  than  after  the  previous  shot.  The  remaining  web  along  the 
length  of  some  fraotured  grains  varied,  with  no  discernible  pattern,  by  at 
most  0.1  mm  out  of  remaining  thicknesses  of  2.1  mm  to  2.4  mm.  Previous 
comments  about  the  original  web  apply  here. 
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Jfflll  R146.  Hound  4,  mis  shot  ea ployed  a  different  Igniter  from  that 
used  In  the  foregoing  teats.  For  this  round,  71  g  of  CBI  and  a  14-g  spot  of 
blaok  powder  were  paokaged  In  a  doth  basepad  rather  than  the  CM  cup.  This 
charge  was  conditioned  to  >54  °C  prior  to  firing,  rendering  possible  a  direct 
ooaparison  of  this  firing  with  Round  3.  The  spindle  pressure  and  force  on  the 
base  of  the  projeotlle  are  shown  in  Figure  20;  the  record  of  the  pressure  on 
the  base  of  the  projectile  was  unsuitable  for  reduction. 

As  expected,  the  high-speed  filas  showed  that  the  igniter  and  early 
coabustion  gases  penetrated  the  propellant  bed  more  easily  than  was  seen  with 
Round  3.  The  primer  vented  onto  the  base  of  the  oharge  at  1.2  as;  and  the 
basepad  began  to  burn  at  1.3  as,  with  the  luminosity  increasing  until  1.7  as 
and  diminishing  to  almost  nothing  at  7.7  as.  Luminosity  again  appeared  at 
11.5  as,  with  patches  of  white  by  16.3  as.  The  charge  was  pushed  forward  to 
iapact  the  base  of  the  projectile  at  about  18  as,  with  Intense  lualnosity  in 
the  rear  ullage  and  nowhere  else  within  the  chamber.  At  about  this  tine, 
oscillations  of  luminous  patches  between  the  spindle  and  the  base  of  the 
projeotlle  began  and  persisted  until  about  26.9  as.  By  27.9  as,  there  was  a 
strong,  orange  lualnosity  at  the  base  of  the  projectile,  swirling  toward  the 
spindle.  At  28.8  as,  soae  lualnosity  appeared  in  the  third  window  from  the 
rear  of  the  charge;  and  it  became  considerably  stronger  in  the  third  and 
fourth  windows  by  33.7  as,  when  a  slight  lualnosity  in  the  second  window 
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Figure  20.  Spindle  Pressure  and  Foroe  for  Round  4,  Propellant  Lot 


became  apparent.  Between  34  ns  and  35  as,  the  coabuatible  case  ruptured  along 
the  top  and  between  the  third  and  fourth  windows,  at  a  spindle  pressure  of 
about  2-3  HPa.  The  flame  in  the  chanber  continued  to  grow  in  intensity  until 
the  chamber  failed  at  about  39  ms. 

The  static  X-ray  for  Round  4  is  shown  in  Figure  21.  Readily  apparent,  in 
comparison  to  the  static  X-ray  for  Round  3,  are  the  absence  of  the  CN-cup 
igniter  and  the  reduction  in  the  amount  of  CBI.  The  dynamic  X-ray,  recorded 
at  a  spindle  pressure  of  about  7.2  MPa,  is  given  in  Figure  22.  In  this  case, 
the  charge  was  not  compacted  radially  as  in  the  previous  shot;  and  indeed,  it 
is  obvious  that  the  case  ruptured  and  buckled  at  the  top  and  was  pushed  out 
into  the  annular  ullage.  While  it  appears  that  some  vestiges  of  the  multiply 
perforated  combustible  cup  may  have  remained  in  the  rear  ullage  at  this  time, 
there  was  no  barrier  remaining  between  the  gases  in  the  ullage  and  the 
propellant  bed,  as  was  indicated  in  Figure  18. 

Representative  propellant  sticks  and  samples  of  combustible  case 
retrieved  after  the  shot  are  shown  in  Figure  23.  Generally,  the  sticks  that 
split  did  so  axially,  as  seen  with  the  earlier  shots.  However,  there  were 
more  whole  sticks  and  longer  pieces  with  this  firing  than  remained  after  Round 
3.  The  comments  made  previously  regarding  burning  patterns  and  fracture  of 
the  sticks  apply  here  as  well. 


CONCLUSIONS 

This  study  has  elucidated  several  phenomena  which  should  serve  as  a 
helpful  start  in  compiling  a  data  base  for  stick  propelling  charges  which  use 
combustible  cases.  While  the  larger  details  of  flow  dynamics  and  flamespread 
are  reasonably  well  understood  for  bundles  of  stick  propellant,  we  have  noted 
from  this  study  that  the  packaging  of  the  bundle  in  a  case  can  significantly 
affect  the  details  of  the  charge  ignition.  Given  recent  anomalies  with  the 
M203E2  Propelling  Charge,  we  can  surmise  that  these  same  phenomena  may  lead  to 
considerable  impact  on  the  overall  interior  ballistic  cycle.  Specifically, 
the  findings  from  this  study  are: 

a.  The  permeability  and  mechanical  strength  of  the  packaging  materials 
encasing  the  charge  have  a  significant  effect  on  the  flow  of  combus¬ 
tion  gases  in  the  early  portion  of  the  interior  ballistic  cycle, 
below  pressures  of  a  few  Mpa.  In  particular,  the  materials  in  the 
vicinity  of  the  base  of  the  charge  warrant  special  attention,  since 
it  was  demonstrated  that  a  thin  but  relatively  Impermeable  barrier 
between  the  igniter  and  the  propellant  had  a  profound  effect  on  the 
penetration  of  the  igniter  and  early  combustion  gases  into  the  pro¬ 
pellant  bed. 

b.  Given  the  proper  boundary  conditions,  such  as  pressurization  of  the 
ullage  rather  than  the  interior  of  the  charge  due  to  the  phenomenon 
described  in  paragraph  a,  the  stick-propellant  bed  can  be  compacted 
severely  in  its  radial  dimension,  reducing  the  apparent,  advantageous 
permeabilty  of  the  propellant  bundle. 

c.  Perhaps  contrary  to  intuitive  expectations,  the  stick  oharge  was  seen 
to  move  and  impaot  the  base  of  the  projectile,  albeit  at  a  low 
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Splndle  Projectile 

Figure  22.  Flash  X-ray  for  Round  4,  Propellant  Lot  RDD  El 46,  Cloth- Bag  Igniter,  -54  °C,  Spindle  Pressure  7.2  MPa 
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Figure  23.  Charge  Remnants  from  Round  4,  Propellant  Lot  RDD  El 46,  Cloth- Bag  Igniter,  -54 


velocity.  Our  expectations  for  no  significant  notion,  however,  stem 
froa  the  two-order-of-aagnltude  reduction  in  interphase  drag  offered 
by  stick  propellant  when  coapared  to  granular,  a  comparison  which  is 
based  on  pressure  drop  data  taken  within  the  respective  stick  and 
granular  beds.  On  consideration  of  entrance  conditions,  however,  we 
would  not  be  surprised  to  find  considerable  resistance  offered  to 
igniter  gases  as  they  first  try  to  enter  the  tightly  packed  bundle  of 
sticks,  a  condition  which  would  exacerbate  ignition  problems  already 
addressed  in  this  report.  Bxperiaental  study  of  juap  conditions  at 
the  boundaries  of  stick  bundles  now  appears  warranted. 

d.  No  conclusive  evidence  was  found  regarding  the  fracture  of  the  pro¬ 
pellant  sticks.  While  the  long  propellant  sticks  did  indeed  split, 
generally  axially  opposite  the  slot,  the  fracture  may  be  an  artifact 
of  the  sudden  depressurization  at  the  exterior  surfaces  of  the  sticks 
laposed  by  the  nature  of  the  tests.  However,  one  postulated  sequence 
of  events  explaining  the  elevated  pressures  with  cold-conditioned 
charges  invokes  stick  splitting  upon  ignition  and  rapid  overpressuri¬ 
zation  within  the  perforations  at  a  tine  when  the  sticks  are  tightly 
coapaoted  froa  early  flow  exterior  to  the  charge.  The  unprogrammed 
burning  surface  then  leads  to  the  observed  increase  in  maximum 
chamber  pressure.  With  the  preferred  mode  of  flamespreading,  early 
igniter  products  flow  into  the  bundle  of  sticks,  pressurizing  and 
rupturing  the  case  and  dispersing  the  sticks  radially.  Ignition  and 
pressurization  within  the  perforations  can  then  readily  lead  to  a 
slight  opening  of  the  slots  and  rapid  equilibration  of  pressures 
inside  and  outside  the  sticks,  preventing  any  significant  splitting. 
Complete  verification  of  this  hypothesis  is  beyond  the  scope  of  this 
investigation. 

The  Interplay  of  the  various  design  parameters  for  this  charge,  including 
the  propellant  geoaetry,  charge  casing,  and  igniter  packaging  were,  at  the 
least,  qualitatively  demonstrated  in  this  study.  It  remains  clear,  however, 
that  a  great  deal  of  further  investigation  is  required  to  quantify  the  contri¬ 
butions  of  these  many  parameters,  the  ultimate  goal  being  to  determine  the 
extent  to  which  they  can  be  manipulated  to  arrive  at  optimal  performance, 
safe  and  reliable  charges. 


ACKNOWLEDGMENTS 

Mr.  F.  Dobbins  contributed  many  suggestions  for  this  study.  The  M203E2 
Propelling  Charges  were  provided  by  Messrs.  0.  Colitti  and  S.  Westley  of  the 
LCWSL.  The  authors  are  especially  grateful  to  Messrs.  J.  Bowen,  J.  Hewitt,  J. 
Stabile,  J.  Evans,  and  A.  Koszoru  for  assistance  in  conducting  the  firing 
program.  Mr.  Koszoru  was  particularly  helpful  in  modifying  the  propelling 
charges . 


REFERENCES 


t.  S.  Weiner,  "Investigation  of  Stick  Propellant  for  155-mm  Howitzer, 
XM198,"  Interim  Memorandun  Report,  Picatinny  Arsenal,  Dover,  NJ,  July 
1975. 

2.  T.C.  Smith,  "Experimental  Gun  Testing  of  High  Density  Multiperf orated 
Stick  Propellant  Charge  Assemblies,"  Proceedings  of  17th  JANNAF  Combus¬ 
tion  Meeting,  CPIA  Publication  329,  Vol.  II,  pp.  119-124,  November  1980. 

3.  F.W.  Robbins,  J.A.  Kudzal,  J.A.  McWilliams,  and  P.S.  Gough,  "Experimental 
Determination  of  Stick  Charge  Flow  Resistance,"  Proceedings  of  17th 
JANNAF  Combustion  Meeting,  CPIA  Publication  329,  Vol.  II,  pp.  97-118, 
November  1980. 

4.  T.C.  Minor,  "Mitigation  of  Ignition-Induced,  Two-Phase  Flow  Dynamics 
Through  the  Ose  of  Stick  Propellants,"  ARBRL-TR-02508,  Ballistic 
Research  Laboratory,  USA  ARRADCOM,  July  1983  (AD  A1 33685). 

5.  A.W.  Horst  and  T.C.  Minor,  "Ignition-Induced  Flow  Dynamics  in  Bagged- 
Charge  Artillery,”  ARBRL-TR-02257,  Ballistic  Research  Laboratory,  OSA 
ARRADCOM,  August  1980  (AD  A090681). 

6.  F.W.  Robbins  and  A.W.  Horst,  "A  Simple  Theoretical  Analysis  and  Experi¬ 
mental  Investigation  of  Burning  Processes  for  Stick  Propellants,”  ARBRL- 
MR-03295,  Ballistic  Research  Laboratory,  OSA  ARRADCOM,  June  1983 
(AD  A1 32968). 

7.  F.W.  Robbins  and  A.W.  Horst,  "Continued  Study  of  Stick  Propellant  Combus¬ 
tion  Processes,”  ARBRL-MR-03296,  Ballistic  Research  Laboratory,  USA 
ARRADCOM,  June  1983  (AD  A1 33004). 

8.  T.C.  Minor,  "Experimental  Studies  of  Multidimensional  Two-Phase  Flow 
Processes  in  Interior  Ballistlos,"  ARBRL-MR-03248,  Ballistic  Research 
Laboratory,  USA  ARRADCOM,  April  1983  (AD  A128034). 

9.  0.  Colittl  and  R.S.  Westley,  Large  Caliber  Weapon  Systems  Laboratory,  USA 
ARRADCOM,  Dover,  NJ,  unpublished  data,  private  communication,  July  1982. 

10.  R.  Burrell  and  M.  Wheeler,  Naval  Surfaoe  Weapons  Center,  Dahlgren,  VA, 
private  communication,  June  1980. 


32 


No.  Of 
Copies 


Organisation 


DISTRIBUTION  LIST 

No.  Of 
Copies 


Organization 


1 2  .  Administrator 

Defense  Technical  Info  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria.  VA  22314 

1  Office  of  the  Under  Secretary 
of  Defense  (Rsch  &  Eng) 

ATTN:  R.  Thorkildsen 
The  Pentagon 
Washington,  DC  20301 

1  Commander 

USA  Concepts  Analysis  Agency 
8120  Woodmont  Avenue 
ATTN:  D.  Hardison 
Bethesda,  MD  20014 

1  HQDA/DAMA-ZA 

Washington,  DC  20310 

1  HODA,  DAMA-CSM,  E.  Lippi 
Washington,  DC  20310 

1  HQDA/SARDA 

Washington,  DC  20310 

1  Commandant 

US  Army  War  College 
ATTN:  Library-FF229 
Carlisle  Barracks,  PA  17013 

1  US  Army  Ballistic  Missile  Defense 
Systems  Command 
Advanced  Technology  Center 
P.  0.  Box  1500 
Huntsville,  AL  35807 

1  Chairman 

DOD  Explosives  Safety  Board 
Room  856-C 
Hoffman  Bldg.  1 
2461  Eisenhower  Avenue 
Alexandria,  VA  22331 

1  Commander 

US  Army  Material  Development 
and  Readiness  Command 
ATTN:  DRCSF-E,  Safety  Office 
Alexandria,  VA  22333 


Consunder 

US  Army  Materiel  Development 
and  Readiness  Command 
ATTN:  DRCDRA-ST 
5001  Eisenhower  Avenue 
Alexandria.  VA  22333 


Commander 

US  Army  ARDC,  AMCC0M 
ATTN:  DRSMC-TSS(D) 

DRSMC-TDC(D) 

O.  Gyorog 
DRSMC-LC(D) 

LTC  N.  Barron 
DRSMC-LCA(D) 

J.  Lannon 
A.  Beardell 

D.  Downs 

S.  Einstein 
S.  Westley 
S.  Bernstein 

P.  Kemwy 

A.  Bracuti 
J.  Rutkowski 

DRSMC— LCB-I(D) ,  D.  Spring 
DRSMC-LCE(D) ,  R.  Walker 
DRSMC-LCM-E  (D  ) 

S.  Kaplowltz 
DRSMC-LCS(D) 
DRSMC-LCU-CT(D) 

E.  Barrieres 
R.  Davltt 

DRSMC- LCU-CV(D) 

C.  Mandala 
W.  Joseph 
DRSMC-LCW-A(D) 

M.  Salshury 
DRSMC-SCA(D) 

L.  Stiefel 

B.  Brodkan 
Dover,  NJ  07801 

Commander 

US  Army  Materiel  Development 
and  Readiness  Command 
ATTN:  DRCDE-DW 
Alexandria,  VA  22333 


33 


DISTRIBUTION  LIST 


No.  Of  No.  Of 

Copies  Organization  Copies  Organization 


5  Project  Manager 

Cannon  Artillery  Weapons 
System,  ASDC,  AMCCOM 
ATTN:  DRCPM-CW 
F.  Menke 
DRCPM-CWW 
DRCPM-CWS 
M.  Flsette 
DRCPM-CWS 
R.  DeKlelne 
H.  Hassmann 
Dover,  NJ  07801 


2  Project  Manager 
Munitions  Production  Base 
Modernization  and  Expansion 
ATTN:  DRCPM-PBM,  A.  Siklosi 

SARPM-PBM-E ,  L.  Laibson 
Dover,  NJ  07801 

3  Project  Manager 

Tank  Main  Armament  System 
ATTN:  DRCPM-TMA ,  K.  Russell 
DRCPM-TMA- 105 
DRCPM-TMA- 120 
Dover,  NJ  07801 

5  Commander 

US  Army  Armament  Munitions 
and  Chemical  Command 
ATTN:  DRSMC-LEP-L (R) 

DRSMC-LC (R) ,  L.  Ambrosini 
DRSMC-IRC(R) ,  G.  Cowan 
DRSMC-LBf(R) ,  W.  Fortune 
R.  Zastrow 

Rock  Island,  IL  61299 
1  Commander 

US  Army  Watervliet  Arsenal 
ATTN:  SARWV-R D,  R.  Thierry 
Watervliet,  NT  12189 

1  Director 

US  Army  AMCCOM  Be  net 
Weapons  Laboratory 
ATTN:  DRSMC-LCB-TL 
Watervliet,  NT  12189 


1  Commander 

US  Army  Aviation  Research 
and  Development  Command 
ATTN:  DRDAV-E 
4300  Goodfellow  Blvd. 

St.  Louis,  M0  63120 

1  Commander 

US  Army  TSARC0M 
4300  Goodfellow  Blvd. 

St.  Louis,  M0  63120 


1  Director 

US  Army  Air  Mobility  Research 
And  Development  Laboratory 
Ames  Research  Center 
Moffett  Field,  CA  94035 

1  Commander 

US  Army  Communications 
Research  and  Development 
Command 

ATTN:  DRSEL-ATDD 
Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Electronics  Research 
and  Development  Command 
Technical  Support  Activity 
ATTN:  DELSD-L 
Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Harry  Diamond  Lab. 
ATTN:  DRXDO-TI 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 

1  Commander 

US  Army  Missile  Command 

ATTN:  DRSMI-R 

Redstone  Arsenal,  AL  35898 

I  Commander 

US  Army  Missile  Command 
ATTN:  DRSMI-TDL 
Redstone  Arsenal,  AL  35898 


DISTRIBUTION  LIST 


No.  Of  No.  Of 

Copies  Organization  Copies  Organization 


1  Commandant 

US  Army  Aviation  School 
ATTN:  Aviation  Agency 
Fort  Rucker,  AL  36360 


1  Commander 

US  Army  Tank  Automotive 
Command 

ATTN:  DRSTA-TSL 
Warren,  HI  48090 

1  US  Army  Tank  Automotive 
Command 

ATTN:  DRSTA-CG 
Warren,  MI  48090 

1  Project  Manager 

Improved  TOW  Vehicle 
ATTN:  DRCPM-ITV 
US  Army  Tank  Automotive 
Command 

Warren,  MI  48090 


1  Program  Manager 

Ml  Abrams  Tank  System 

ATTN :  DRCPM-GMC-SA , 

T.  Dean 

Warren,  MI  48090 

1  Project  Manager 

Fighting  Vehicle  Systems 
ATTN:  DRCPM-FVS 
Warren,  MI  48090 

1  Director 

US  Army  TRAD0C  Systems 
Analysis  Activity 
ATTN:  ATAA-SL 
White  Sands  Missile  Range 
NM  88002 

1  Project  Manager 

M-60  Tank  Development 
ATTN:  DRCPM-M60TD 
Warren,  MI  48090 


1  Commander 

US  Army  Training  &  Doctrine 
Command 

ATTN:  ATCD-MA/  MAJ  Williams 
Fort  Monroe,  VA  23651 

2  Commander 

US  Army  Materials  and 
Mechanics 
Research  Center 
ATTN:  DRXMR-ATL 

Tech  Library 
Watertown,  MA  02172 

1  Commander 

US  Army  Research  Office 
ATTN:  Tech  Library 
P.  0.  Box  12211 
Research  Triangle  Park,  NC 
27709 

1  Commander 

US  Army  Mobility  Equipment 
Research  &  Development 
Command 

ATTN:  DRDME-WC 
Fort  Bel voir,  VA  22060 

1  Commander 

US  Army  Logistics  Mgmt  Ctr 
Defense  Logistics  Studies 
Fort  Lee,  VA  23801 

1  Commandant 

US  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Bennlng,  GA  31905 

1  President 

US  Army  Armor  &  Engineer  Board 
ATTN :  STEBB-AD-S 
Fort  Knox,  KY  40121 

1  HQDA 

DAMA-ART-M 

Washington,  DC  20310 


35 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

1  Commandant 

Command  and  General  Staff 
College 

Fort  Leavenworth,  KS  66027 

1  Commandant 

US  Army  Special  Warfare 
School 

ATTN:  Rev  &  Tng  Lit  Dlv 
Fort  Bragg,  NC  28307 

1  Commandant 

US  Army  Engineer  School 

ATTN:  ATSE-CD 

Ft.  Belvolr,  VA  22060 

1  Commander 

US  Army  Foreign  Science  & 
Technology  Center 
ATTN:  DRXST-MC-3 
220  Seventh  Street,  NE 
Charlottesville,  VA  22901 

1  President 

US  Army  Artillery  Board 
Ft.  Sill,  OK  73503 

1  Commandant 

US  Army  Field  Artillery 
School 

ATTN:  ATSF-CO-MW,  B.  Willis 
Ft.  Sill,  OK  73503 


3  Commandant 

US  Army  Armor  School 
ATTN:  ATZK-CD-MS/ 

M.  Falkovltch 
Armor  Agency 
Fort  Knox,  KY  40121 

1  Chief  of  Naval  Materiel 
Department  of  the  Navy 
ATTN:  J.  Amlle 
Arlington,  VA  22217 


No.  Of 

Copies  Organization 

1  Office  of  Naval  Research 
ATTN:  Code  473,  R.  S.  Miller 
800  N.  Quincy  Street 
Arlington,  VA  22217 

2  Commander 

Naval  Sea  Systems  Command 
ATTN:  SEA-62R2, 

R.  Beauregard 
C.  Christensen 
National  Center,  Bldg.  2 
Room  6E08 

Washington,  DC  20362 

1  Commander 

Naval  Air  Systems  Command 
ATTN:  NAIR-954-Tech  Lib 
Washington,  DC  20360 

1  Director 

Navy  Strategic  Systems  Project 
Office 

Dept,  of  the  Navy 
Room  901/ J.  F.  Kincaid 
Washington,  DC  20360 

1  Assistant  Secretary  of  the 
Navy  (R,  E,  and  S) 

ATTN:  R.  Reichenbach 
Room  5E787 
Pentagon  Bldg. 

Washington,  DC  20350 

1  Naval  Research  Lab 
Tech  Library 
Washington,  DC  20375 

5  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  G33,  J.  L.  East 
W.  Burrell 
J.  Johndrow 
Code  G23,  D.  McClure 
Code  DX-21  Tech  Lib 
Dahlgren,  VA  22448 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organisation 

2  Commander 

US  Naval  Surface  Weapons 
Center 

ATTN:  J.  P.  Coosaga 

C.  Gotzmer 

Sliver  Spring,  MD  20910 
A  Commander 

Naval  Surface  Weapons  Center 
ATTN:  S.  Jacobs/Code  240 
Code  730 

K.  Kim/Code  R-13 
R.  Bernecker 
Silver  Spring,  MD  20910 

2  Commander 

Naval  Underwater  Weapons  Rsch 
and  Engineering  Station 
Energy  Conversion  Dept. 

ATTN:  CODE  5B331,  R.  S.  Lazar 
Tech  Lib 

Newport,  RI  02840 

4  Commander 

Naval  Weapons  Center 
ATTN:  Code  388,  R.  L.  Derr 
C.  F.  Price 
T.  Boggs 

Info.  Sci.  Div. 

China  Lake,  CA  93555 

2  Superintendent 

Naval  Postgraduate  School 
Dept,  of  Mechanical 
Engineering 
ATTN:  A.  E.  Fuhs 

Code  1424  Library 
Monterey,  CA  93940 

4  Commander 

Naval  Ordnance  Station 
ATTN:  P.  L.  Stang 
J.  Birkett 

D.  Brooks 
Tech  Library 

Indian  Head,  MD  20640 


No.  Of 

Copies  Organization 

1  AFSC/SDOA 

Andrews  AFB,  MD  20334 


1  Program  Manager 
AFOSR/SREP) 

Directorate  of  Aerospace 
Sciences 

ATTN:  L.  H.  Caveny 
Bolling  AFB,  DC  20332 

6  AFRPL  (DYSC) 

ATTN:  D.  George 

J.  N.  Levine 
B.  Goshgarian 
D.  Thrasher 
N*  Vender  Hyde 
Tech  Library 
Edwards  AFB,  CA  93523 

1  AFFTC 

ATTN:  SSD-Tech  Lib 
Edwards  AFB,  CA  93523 

1  AFATL/DLYV 

Eglln  AFB,  FL  32542 

1  AFATL/DLXP 

ATTN:  W.  Dittrich 
Eglln  AFB,  FL  32542 

1  AFATL/DLDL 

ATTN:  0.  K.  Helney 
Eglln  AFB,  FL  32542 

1  AFATL/DL0DL 
ATTN:  Tech  Lib 
Eglln  AFB,  FL  32542 

1  AFWAL/FIBC 
ATTN:  TST-Lib 
Wrlght-Patterson  AFB,  OH 
45433 

1  AFWL/SUL 

Klrtland  AFB,  NM  87117 


37 


DISTRIBUTION  LIST 


No.  Of  No.  Of 

Copies  Organization  Copies  Organization 


1  General  Applied  Sciences  Lab 
ATTN:  J.  Erdos 
Merrick  &  Stewart  Avenues 
Westbury,  NY  11590 


1  Aerodyne  Research.  Inc. 
Bedford  Research  Park 
ATTN:  V.  Yousef ian 
Bedford,  MA  01730 

1  Aerojet  Solid  Propulsion  Co. 
ATTN:  P.  Micheli 
Sacramento,  CA  95813 

1  Atlantic  Research  Corporation 
ATTN:  M.  K.  King 
5390  Cheorokee  Avenue 
Alexandria,  VA  22314 


1  General  Electric  Company 
Armament  Systems  Dept. 
ATTN:  M.  J.  Bulman, 

Room  1311 
Lakeside  Avenue 
Burlington,  VT  05401 

1  Hercules  Powder  Co. 
Allegheny  Ballistics 
Laboratory 
ATTN:  R.  B.  Miller 
P.  0.  Box  210 
Cumberland,  MD  21501 

1  Hercules ,  Inc 
Bacchus  Works 
ATTN:  K.  P.  McCarty 
P.  0.  Box  98 
Magna,  UT  84044 


1  AVCO  Everett  Rsch  Lab 
ATTN:  D.  Stickler 

2385  Revere  Beach  Parkway 
Everett,  MA  02149 

2  Calspan  Corporation 
ATTN:  Tech  Library 
P.  0.  Box  400 
Buffalo,  NY  14225 

1  Foster  Miller  Associates 
ATTN:  A.  Erickson 
135  Second  Avenue 
Waltham,  MA  02154 

1  Olln  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  R.  J.  Thiede 
Baraboo,  WI  53913 


1  Hercules,  Inc. 

Eglin  Operations 
AFATL  DLDL 
ATTN:  R.  L.  Simmons 
Eglin  AFB,  FL  32542 

1  irrRi 

ATTN:  M.  J.  Klein 
10  W.  35th  Street 
Chicago,  IL  60616 

1  Lawrence  Livermore 

National  Laboratory 
ATTN:  M.  S.  L-355, 

A.  Buckingham 
P.  0.  Box  808 
Livermore,  CA  94550 

1  Lawrence  Livermore 

National  Laboratory 
ATTN:  M.  S.  L-355 
M.  Finger 
P.  0.  Box  808 
Livermore,  CA  94550 


38 


DISTRIBUTION  LIST 


I 

K 

IT. 

f 

t- 

i 

R  . 

I 


i 

I 


No.  Of 

No.  Of 

Copies 

Organization 

Copies 

Organization 

1 

Olin  Corporation 

3 

Thiokol  Corporation 

Smokeless  Powder  Operations 

Huntsville  Division 

ATTN:  R.  L.  Cook 

ATTN:  D.  Flanigan 

P.  0.  Box  222 

R.  Glick 

St.  Marks,  FL  32355 

Tech  Library 

Huntsville,  AL  35807 

I 

Paul  Gough  Associates,  Inc. 
ATTN:  P.  S.  Gough 

2 

Thiokol  Corporation 

P.0.  Box  1614,  1048  South  St. 

Wasatch  Division 

Portsmouth,  NH  03801 

ATTN:  J.  Peterson 

Tech  Library 

1 

Physics  International  Company 

P.  0.  Box  524 

2700  Merced  Street 

Leandro,  CA  94577 

Brigham  City,  UT  84302 

2 

Thiokol  Corporation 

1 

Princeton  Combustion  Research 

Elkton  Division 

Lab. ,  Inc. 

ATTN:  R.  Biddle 

ATTN:  M.  Summer field 

Tech  Lib. 

475  US  Highway  One 

P.  0.  Box  241 

Monmouth  Junction,  NJ  08852 

Elkton,  MD  21921 

1 

Scientific  Research  Assoc.,  Inc.  2 

United  Technologies 

ATTN:  H.  McDonald 

Chemical  Systems  Division 

P.  0.  Box  498 

ATTN:  R.  Brown 

Glastonbury,  CT  06033 

Tech  Library 

P.  0.  Box  358 

2 

Rockwell  International 
Rocketdyne  Division 

Sunnyvale,  CA  94086 

ATTN:  BA08  J.  E.  Flanagan 

1 

Universal  Propulsion  Company 

J.  Gray 

ATTN:  H.  J.  McSpadden 

6633  Canoga  Avenue 

Black  Canyon  Stage  1 

Canoga  Park,  CA  91304 

Box  1140 

Phoenix,  AZ  85029 

1 

Science  Applications,  Inc. 
ATTN:  R.  B.  Edelman 

1 

Veritay  Technology,  Inc. 

23146  Cumorah  Crest 

ATTN:  E.  B.  Fisher 

Woodland  Hills,  CA  91364 

P.  0.  Box  22 

Bowmansville,  NY  14026 

1 

Battelle  Memorial  Institute 
ATTN:  Tech  Library 

505  King  Avenue 

Columbus,  OH  43201 

ft 


39 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

1  Brigham  Young  University 

Oept.  of  Chemical  Engineering 
ATTN:  M.  Becks tead 
Provo,  UT  84601 

1  California  Institute  of  Tech 
204  Karraan  Lab 
Main  Stop  301-46 
ATTN:  F.  E.  C.  Culick 
1201  E.  California  Street 
Pasadena,  CA  91109 

1  California  Institute  of  Tech 
Jet  Propulsion  Laboratory 
ATTN:  L.  D.  Strand 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 

1  University  of  Illinois 
Dept,  of  Mechanical  Eng 
ATTN:  H.  Krier 
144  MEB,  1206  W.  Green  St. 
Urbana,  IL  61801 

1  University  of  Massachusetts 
Dept,  of  Mechanical 
Engineering 
ATTN:  K.  Jakus 
Amherst,  MA  01002 

1  University  of  Minnesota 
Dept,  of  Mechanical 
Engineering 
ATTN:  E.  Fletcher 
Minneapolis,  MN  55455 

1  Case  Western  Reserve 
University 

Division  of  Aerospace 
Sciences 
ATTN:  J.  Tien 
Cleveland,  OH  44135 

3  Georgia  Institute  of  Tech 
School  of  Aerospace  Eng. 

ATTN:  B.  T.  Zinn 
E.  Price 
W.  C.  Strahle 
Atlanta,  GA  30332 


No.  Of 

Copies  Organization 

1  Institute  of  Gas  Technology 
ATTN:  D.  Gldaspow 
3424  S.  State  Street 
Chicago,  IL  60616 

1  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Chemical  Proplsion 
Information  Agency 
ATTN:  T.  Christian 
Johns  Hopkins  Road 
Laurel,  MD  20707 

1  Massachusetts  Institute  of 
Technology 
Dept  of  Mach  Eng 
ATTN:  T.  Toong 
77  Massachusetts  Avenue 
Cambridge,  MA  02139 

1  Pennsylvania  State  College 
Applied  Research  Lab 
ATTN:  G.  M.  Faeth 
P.  0.  Box  30 
State  College,  PA  16801 

1  Pennsylvania  State  University 
Dept.  Of  Mechanical 
Engineering 
ATTN:  K.  Kuo 
University  Park,  PA  16802 

1  Purdue  University 
School  of  Mechanical 
Engineering 
ATTN:  J.  R.  Osborn 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

1  Rensselaer  Polytechnic  Inst. 
Department  of  Mathematics 
Troy,  NY  12181 

1  Rutgers  University 

Dept,  of  Mechanical  and 
Aerospace  Engineering 
ATTN:  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 


40 


DISTRIBUTION  LIST 


No.  Of 

No.  Of 

Copies 

Organisation 

Copies  Organization 

l 

SRI  International 

Propulsion  Sciences  Division 

Aberdeen  Proving  Ground 

ATTN:  Tech  Library 

Dir,  USAMSAA 

333  Ravenswood  Avenue 

ATTN:  DRXSY-D 

Menlo  Park,  CA  94023 

DRXSY-MP,  H.  Cohen 
Cdr,  USATECOM 

ATTN:  DRSTE-TO-F 

1 

Stevens  Institute  of 

STEAP-MT,  S.  Walton 

Technology 

G.  Rice 

Davidson  Laboratory 

D.  Lacey 

ATTN:  R.  McAlevy,  III 

C.  Herud 

Castle  Point  Station 

Dir,  HEL 

Hoboken,  NJ  07030 

ATTN:  J.  Weisz 

2 

Director 

Cdr,  CRDC,  AMCC0M 

Los  Alamos  Scientific  Lab 

ATTN:  DRSMC-CLB-PA 

ATTN:  T3,  D.  Butler 

DRSMC-CLN 

M.  Division,  B.  Craig 

DRSMC-CU-L 

P.  0.  Box  1663 

Los  Alamos,  NM  87545 

DRSMC-ACW 

1 

University  of  Southern 
California 

Mechanical  Engineering  Dept. 
ATTN:  OHE200 ,  M.  Gersteln 

Los  Angeles,  CA  90007 

2  University  of  Utah 

Dept,  of  Chemical  Engineering 
ATTN.  A.  Baer 

G.  Flandro 

Salt  Lake  City.  UT  84112 

1  Washington  State  University 
Dept,  of  Mechanical 
Engineering 
ATTN:  C.  T.  Crowe 
Pullman,  WA  99163 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the 
reports  it  publishes.  Your  comment s/answers  to  the  items/questions  below  will 
aid  us  in  our  efforts. 

1.  BRL  Report  Number _ Date  of  Report _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or 

other  area  of  interest  for  which  the  report  will  be  used.) _ 


4.  How  specifically,  is  the  report  being  used?  (Information  source,  design 
data,  procedure,  source  of  ideas,  etc.) _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far 
as  man-hours  or  dollars  saved,  operating  costs  avoided  or  efficiencies  achieved, 
etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future 
reports?  (Indicate  changes  to  organization,  technical  content,  format,  etc.) 


Name 


CURRENT 

ADDRESS 


Organization 


Address 


City,  State,  Zip 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the 
New  or  Correct  Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


OLD 

ADDRESS 


Name 


Organization 


Address 


City,  State,  Zip 


(Remove  this  sheet  along  the  perforation,  fold  as  indicated,  staple  or  tape 
closed,  and  mail.) 


-  FOLD  HERE  - 


Director 

JS  Army  Ballistic  Research  Laboratory 
ATTN:  DRXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-5066 


OFFICIAL  BUSINESS 

PENALTY  PON  PRIVATE  USE.  *300 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON, DC 
POSTAGE  WILL  BE  MIO  BY  DEPARTMENT  OF  THE  ARMY 


Director 

US  Army  Ballistic  Research  Laboratory 
ATTN :  DRXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-9989 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


